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PHASER MOUNTED DPCS (DIFFERENTIAL
PRESSURE CONTROL SYSTEM) TO
REDUCE AXIAL LENGTH OF THE ENGINE

REFERENCE TO RELATED APPLICATIONS

This application claims an invention which was disclosed
in Provisional Application No. 60/374,334, filed Apr. 22,

2002, entitled “PHASER MOUNTED DPCS
(DIFFERENTIAL PRESSURE CONTROL SYSTEM) TO
REDUCE AXIAL LENGTH OF THE ENGINE”. The ben-
efit under 35 USC §119(¢e) of the United States provisional
application 1s hereby claimed, and the aforementioned appli-
cation 1s hereby incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a control system for controlling
the operation of a variable camshaft timing (VCT) system.
More particularly, the invention pertains to the use of an
internal differential pressure control system to reduce the
axial length of an engine.

2. Description of the Related Art

Consideration of information disclosed by the following
U.S. patents, which are all hereby incorporated by reference,
1s useful when exploring the background of the present
invention.

One method to control the position of a spool valve that
controls the o1l flow to and from the chambers of a vane or
piston style cam phaser 1s the externally mounted solenoid
DPCS (differential pressure control system), as disclosed in

U.S. Pat. No. 5,107,804.

FIG. 1 shows a spool valve (28), which is made up of a
bore (31) and vented spool (25). The spool (25) is slidable
to and fro within the bore (31). Phaser (60) is shown without
detail in the figures. Passageways (91) to the advance and
retard chamber (not shown) are shown for exemplary pur-
poses only, and depend upon the type of phaser being used.
The position of vented spool (25) within bore (31) 1is
influenced by an externally mounted solenoid DPCS (1) that
is fed by oil pressure (2) from the engine. The DPCS (1)
utilizes engine oil pressure (2) to push against one end of the
spool valve (28). Both ends (10) of the spool have the same
area.

The DPCS (1) acts on an armature (3) of the spool (25).
Pulses go to a coil (4), which actuates the solenoid (8). The
area of the spool ends (10) is typically 78.5 mm~ (10 mm
diameter). A control pressure that comes from either a PWM
or proportional solenoid (5) pushes against the piston (6),
which is typically 157 mm” (14 mm diameter). For the
externally mounted system, the solenoid and piston are
mounted in front of the cam phaser. A spring (18), mounted
in the phaser, pushes the spool to the default position 1n case
of solenoid failure.

The solenoid (8) is preferably controlled by an electrical
current applied to coil (4) in response to a control signal. The
control signal preferably comes directly from an electronic
engine control unit (ECU). The solenoid (5) can either be
made to be normally open (see graph 9) or normally closed
(see graph 11).

There are certain limitations with the externally mounted
control system. The externally mounted differential pressure
system requires the solenoid (8) and control piston (6) to be
mounted either on the front cover (7) or mounted to the
engine block. This increases the axial length of the engine.
With either mounting method a second engine oil supply (2)
has to be routed up to the solenoid control system.
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The control system disclosed 1n both U.S. Pat. Nos.
5,172,659 and 5,184,578 utilizes hydraulic force on both
ends of a spool valve. U.S. Pat. No. 5,184,578 shows the
control system, 1n which crank and cam positions are sensed
and a Pulse-width Modulated Solenoid moves a spool valve
to control the actuation of the phaser, with a closed-loop
control measuring the phase difference between cam and
crank, and operating the spool valve accordingly.

U.S. Pat. No. 5,497,738 uses a variable force solenoid to
control the phase angle using a center mounted spool valve.
This type of variable force solenoid can infinitely control the
position of the phaser. The force on the end of the vented
spool valve located 1n the center of the phaser 1s applied by
an electromechanical actuator, preferably of the variable
force solenoid type, which acts directly upon the vented
spool 1n response to an electronic signal issued from an
engine control unit (“ECU”) which monitors various engine
parameters.

The ECU receives signals from sensors corresponding to
camshaft and crankshaft positions and utilizes this informa-
tion to calculate a relative phase angle. A closed-loop
feedback system which corrects for any phase angle error 1s
preferably employed. The use of a variable force solenoid
solves the problem of slugeish dynamic response. Such a
device can be designed to be as fast as the mechanical
response of the spool valve, and certainly much faster than
the conventional (fully hydraulic) differential pressure con-
trol system. The faster response allows the use of increased
closed-loop gain, making the system less sensitive to com-
ponent tolerances and operating environment.

SUMMARY OF THE INVENTION

An 1nternal DPCS feeds engine o1l pressure to one side of
the spool and a solenoid controlled pressure to a piston that
has twice the area as the other side of the spool. The spool
end that 1s fed control pressure 1s preferably twice the arca
of the spool end that 1s fed with engine o1l pressure. A spring
mounted i1n the phaser pushes the spool to the default
position 1n case of solenoid failure. A PWM solenoid valve
or a proportional solenoid valve controls the o1l flow to the
large area end of the spool. In a preferred embodiment of the
invention, a position sensor 1s added to control the position
of the spool valve.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a schematic diagram of an externally
mounted PWM DPCS as known 1n the prior art.

FIG. 2 shows a schematic diagram of an imnternal DPCS 1n
an embodiment of the present invention.

FIG. 3 shows a schematic diagram of an internal DPCS
with a position sensor 1n an alternative embodiment of the
present 1nvention.

FIG. 4 shows a block diagram of the DPCS control system
in an embodiment of the present 1nvention.

FIG. § shows a block diagram of the DPCS control system
with position feedback 1n an alternative embodiment of the
present 1mvention.

DETAILED DESCRIPTION OF THE
INVENTION

The mternal DPCS of the present invention feeds engine
o1l pressure to one side of the spool and a solenoid controlled
pressure to a piston that has twice the area as the other side
of the spool. The spool end that 1s fed control pressure has
a greater arca than the area of the spool end that 1s fed with
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engine o1l pressure. In a preferred embodiment, the larger
spool end has an area twice that of the smaller spool end. A
PWM solenoid valve or a proportional solenoid valve con-
trols the o1l flow to the large area end of the spool.

A spring mounted in the phaser pushes the spool to the
default position 1 case of solenoid failure. For solenoid
failure, the phaser needs to be directed to a failsafe condi-
tion. This requires that the spool be forced to one end of its
fravel.

With this system the control pressure 1s always a percent-
age of the engine oil pressure. For the control system the
relationship of percent of control signal to percent of control
pressure 1s mapped 1nto the controller. This relationship can
vary as the engine o1l pressure and temperature changes. In
this case the control law integrator compensates for any
phaser set point error. If the axial length of the engine 1s not
a concern then a sensor can be added to measure the position
of the spool valve.

One method to reduce this error 1s to have a position
sensor mounted to measure the spool valve position and
have a control loop control the position of the spool valve.
This type of system reduces any frictional or magnetic
hysteresis 1 the spool and solenoid control system. There 1s
also another loop to control the phaser angle. Added to the
spool valve position 1s an offset to move the spool valve to
its steady state or null position. This null position 1s required
so that the spool can move in to move the phaser 1n one
direction and outward to move the phaser in the other
direction.

On a conventional cam indexer, the o1l from a reverse cam
torsional can leak out many different passages. These
include the phaser leakage, inlet port (cam journal bearing),
4 way mounting hole, 4 way spool clearance, and null
position leakage. A cam indexer 4 way valve has a “closed
null” position to hold a steady position. The problem with
this 1s there 1s no o1l going to the phaser through the ports
to replenish the o1l that 1s leaking out. Therefore the 4 way
valve needs to have the null position very leaky to replenish
leakage oil. This increased opening (under lap) now pro-
vides a direct path for the oil to flow from chamber to
chamber during a reverse torsional. This causes increased
oscillation from the phaser. So with the increased leak paths
and the under lap on the 4 way valve the chamber volumes
need to be 1ncreased so that the volume of o1l leaking out 1s
a small percentage of the total volume in the phaser.

The present invention design preferably uses an open null
spool control valve. The make up o1l goes through the check
valves directly to the advance and retard chambers. To
minimize back drive from the cam torsionals the check
valves prevent reverse oil flow. This along with minimal
leakage 1n the phaser reduces the over phaser oscillation.
Having the controls 1n the phaser rotor increases response
and reduces phaser oscillation.

Referring now to FIGS. 2 and 4, the internal DPCS of the
present invention feeds (13) engine oil pressure (32) to one
end (19) of the spool (25) and a solenoid controlled pressure
(14) to a piston (12) on the other end (21) of the spool (25).
In this system, the spool end (21) that is fed control pressure
(14) has a larger area than the spool end (19) that is fed (13)
engine oil pressure (32). In a preferred embodiment, spool
end (21) has twice the area of spool end (19). A PWM
solenoid valve (15) or a proportional solenoid valve controls
the oil flow to the large area end (21) of the spool.

The amount of engine oil pressure (13) fed to the phaser
is always 100%. The solenoid controlled pressure (14) is
variable from 0% to 100% duty cycle. The solenoid valve
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(15) controls the percent of solenoid controlled pressure
(14), which is ported to the large area end (21) of the spool.
A spring (18), mounted in the phaser, pushes the spool (25)
to the default position 1 case of solenoid failure.

The oil can be fed through the center of the cam (33) from
one of the cam bearings (92). The camshaft (33) may be
considered to be the only camshaft of a single camshaft
engine, either of the overhead camshaft type or the 1n block
camshaft type. Alternatively, the camshaft (33) may be
considered to be either the intake valve operating camshaft
or the exhaust valve operating camshaft of a dual camshaft
engine.

The solenoid (15) is preferably controlled by an electrical
current applied to coil (16) in response to a control signal.
The control signal preferably comes directly from an elec-
tronic engine control unit (ECU) (48). The control signal is
linearly proportional to the control pressure (see graph 17).

FIG. 4 shows a block diagram of a control system 1n an
embodiment of the present invention. The Engine Control
Unit (ECU) (48) decides on a phase set point (49), based on
various demands on the engine and system parameters
(temperature, throttle position, oil pressure, engine speed,
etc.). The set point is filtered (50) and combined (51) with
a VCT phase measurement (64) in a control loop with a PI
controller (52), phase compensator (53), and anti-windup
logic (54). The output of this loop is combined (§6) with a
null duty cycle signal (§5) into a solenoid (15), preferably a
PWM solenoid, which supplies pressure (100) to a piston
(12) on the larger end (21) of the spool (285). Oil pressure
(32) is supplied to the other end (19) of the spool (25).

The DPCS controls movement of the spool (25), which is
located in the center of the phaser (60). The spool valve (28),
in turn, controls fluid (engine oil) to activate the VCT phaser
(60), either by applying oil pressure to the vane chambers or
by switching passages to allow cam torque pulses (89) to
move the phaser (60). The cam position is sensed by a cam
sensor (61), and the crank position (or the position of the
phaser drive sprocket, which is connected to the crankshaft)
is also sensed by sensor (62), and the difference between the
two 1s used by a VCT phase measurement circuit (63) to
derive a VCT phase signal (64), which is fed back to
complete the loop.

In the system of FIGS. 2 and 4, the two control pressures
are always a percentage of the engine o1l pressure. For the
control system the relationship of percent of control signal
to percent of control pressure 1s mapped 1nto the controller.
This relationship varies as the engine o1l pressure and
temperature changes. In this case, the control law integrator
compensates for any phaser set point error.

Referring now to FIGS. 3 and 5§, the present invention
reduces this error by having a position sensor (34) mounted
to the spool valve position. The position sensor (34) is
mounted so as to sense the position of the spool (25).
Although the position sensor (34) physically contacts the
spool (25) in the figures, physical contact is not necessary.
For example, the position sensor (34) could be optically,
capacitively or magnetically coupled to the spool (25).
Position sensors (34) which could be utilized 1n this inven-
tion 1nclude, but are not limited to, linear potentiometers,
hall effect sensors, and tape end sensors.

FIG. § shows a block diagram of a control circuit 1n this
embodiment of the invention, which uses a feedback loop to
control the position of the spool valve, and thereby reduce
any frictional or magnetic hysteresis 1n the spool and sole-
noid control system. A second feedback loop controls the
phaser angle. The inner loop (37) controls the spool valve
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position and the outer loop (similar to that shown in FIG. 4)
controls the phase angle. An offset 1s preferably added to the
spool valve position to move the spool valve to 1ts steady
state or null position. This null position 1s required so that
the spool can move 1n to move the phaser in one direction
and outward to move the phaser in the other direction.

The basic phaser control loop of FIG. 5 1s the same as in
FIG. 4, and where the figures are the same, the circuit will
not be discussed separately. The difference between the
embodiment of the invention shown in FIG. 5 and the
embodiment in FIG. 4 lies in the inner control loop (37),
which starts with the output of phase compensator (53). The
output of the compensator (53) is combined (71) with a null
position offset (65) and the output (69) of the spool position
sensor (34), and input to the PWM (15), which supplies
pressure (100) to the piston (12) on the larger end (21) of the
spool (25). The position of the center mounted spool valve
(28) is read by the position sensor (34), and the output (69)
of the position sensor (34) is fed back to complete the loop
(37).

In contrast with graph (42) in FIG. 4, where the position
varies as duty cycle increases, when the position sensor
control loop (37) is added, position is linearly related to the
position set point (41), as shown in graph (44).

Accordingly, it 1s to be understood that the embodiments
of the mvention herein described are merely 1llustrative of
the application of the principles of the invention. Reference
herein to details of the illustrated embodiments is not
intended to limit the scope of the claims, which themselves
recite those features regarded as essential to the mnvention.

What 1s claimed 1s:

1. A variable cam timing system for an mternal combus-
fion engine having a crankshaft, at least one camshaft, a cam
drive connected to the crankshaft, and a variable cam phaser
having an inner portion mounted to at least one camshaft and
a concentric outer portion connected to the cam drive, the
relative angular positions of the inner portion and the outer
portion beimng controllable in response to a fluid control
input, such that the relative phase of the crankshaft and at
least one camshaft can be shifted by varying the fluid at the
fluid control mnput of the variable cam phaser, the variable
cam timing system comprising;:

a) a spool valve (28) comprising a spool slidably mounted
in a bore at an axis at a center of the inner portion of
the variable cam phaser, the bore having a plurality of
passages coupled to the fluid control mput of the
variable cam phaser, such that axial movement of the
spool 1n the bore controls fluid flow at the fluid control
input of the variable cam phaser, wherein the spool has
a first end (19) and a second end, (21) wherein an area
of the second end (21) 1s greater than an area of the first
end (19); and

b) an internal differential pressure control system com-
prising a solenoid valve (15) comprising an electrical
input, which controls a flow of pressure to the spool,
and a pressure output (14) coupled to the second end

(21) of the spool;

wherein an electrical signal at the electrical input causes
a change 1n the pressure output being fed to the second
spool end, causing the spool to move axially in the
bore.

2. The variable cam timing system of claim 1, wherein the
solenoid valve 1s selected from the group consisting of a
pulsed width modulated solenoid valve and a proportional
solenoid valve.

3. The variable cam timing system of claim 1, further
comprising a spring (18), mounted in the phaser, wherein the
spring moves the spool to a default position if the solenoid
valve fails.
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4. The variable cam timing system of claam 1, further
comprising:
¢) VCT phase measurement sensors (61)(62) coupled to
the crankshaft and the at least one camshait controlled
by the variable cam timing system; and

d) a VCT control circuit comprising:
a cam phase mput coupled to the VCT phase measure-
ment Sensors,
a phase set point input for accepting a signal represent-

ing a desired relative phase of the camshaft and
crankshaft;

a cam phase mput coupled to the VCT phase measure-
ment Sensors,

a phase set point input for accepting a signal represent-
ing a desired relative phase of the camshaft and
crankshaft;

a combiner (56) comprising a first input coupled to a
null duty cycle signal (55), a second input coupled to
an output of a phase comparator, and an output;

a solenoid drive 1nput coupled to the combiner output;

a solenoid drive output coupled to the solenoid valve;

an o1l pressure mput coupled to the spool valve; and

a signal processing circuit accepting signals from the
phase set point 1nput, cam phase nput, the solenoid
drive 1input, and the o1l pressure mput and outputting
to the solenoid drive output such that when a phase
set point signal 1s applied at the phase set point input,
the control circuit provides an electrical signal at the
solenoid drive output to modulate the amount of o1l
pressure being ported through the control ports and
move the spool to control the variable cam phaser to
shift the phase of the camshaft as selected by the
phase set point signal.

5. The variable cam timing system of claim 1, further

comprising:

c) a position sensor (34) coupled to the spool, having a
position signal output representing the physical posi-
tion of the spool.

6. The variable cam timing system of claim 5, further

comprising:

d) VCT phase measurement sensors (61)(62) coupled to
the crankshaft and the at least one camshaft controlled
by the variable cam timing system; and

¢) a VCT control circuit comprising:

a cam phase mnput coupled to the VCT phase measure-
ment Sensors,

a phase set point 1nput for accepting a signal represent-
ing a desired relative phase of the camshaft and
crankshaft;

a spool position mput coupled to the position signal
output;

a solenoid drive output coupled to the electrical input of
the solenoid valve;

an o1l pressure mput coupled to the spool valve; and

a signal processing circuit accepting signals from the
phase set point input, cam phase mput, and spool
valve position mput and outputting to the solenoid
drive output such that when a phase set point signal
1s applied at the phase set point input, the control
circuit provides an electrical signal at the solenoid
drive output to modulate the amount of o1l pressure
being ported through the control ports and move the
spool to control the variable cam phaser to shift the
phase of the camshait as selected by the phase set
point signal.

7. The variable cam timing system of claim 6, in which
the signal processing circuit comprises:
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an outer loop for controlling the phase angle, coupled to
the set point input, cam phase 1nput, and solenoid drive
output; and

an 1nner loop for controlling the spool valve position,

coupled to the spool valve position 1nput and to the
inner loop;

such that the solenoid drive output as set by the outer loop
1s modified by the 1nner loop based on the spool valve
position.

8. The variable cam timing system of claim 7, 1n which:

a) the outer loop comprises:
1) an anti-windup loop comprising:

A) a first PI controller (§2) having a first input
coupled to the set point input; a second input
coupled to the cam phase 1nput; a third mnput and
an output;

B) a phase compensator (53) having an input coupled
to the output of the first PI controller and a first
output and a second output; and

C) anti-windup logic (54) having an input coupled to
the second output of the phase compensator and an
output coupled to the third input of the PI con-
troller;

i1) a combiner (71) having a first input coupled to a null
position offset signal (65), a second input coupled to
the output of the phase comparator, a third input, and
an output; and

111) a second PI controller (66) having an input coupled
to the output of the combiner and an output coupled
to the solenoid drive input; and

b) the inner loop comprises coupling the spool valve

position mput to the third input of the combiner.

9. The variable cam timing system of claim §, wherein the
position sensor (34) 1s selected from the group consisting of
a linear potentiometer, a hall effect sensor, and a tape end
SENSOT.

10. The variable timing system of claim 5, wherein the
spool and the position sensor are coupled by a means
selected from the group consisting of a physical coupling, an
optical coupling, a magnetic coupling, and a capacitive
coupling.

11. The variable cam timing system of claim 1, wherein
the area of the second end of the spool is twice the area of
the first end of the spool.

12. An internal combustion engine, comprising:

a) a crankshaft;

b) at least one camshalft;
c) a cam drive connected to the crankshaft;

d) a variable cam phaser having an inner portion mounted
to at least one camshaft and a concentric outer portion
connected to the cam drive, the relative angular posi-
tions of the mner portion and the outer portion being
controllable in response to a fluid control mput, such
that the relative phase of the crankshaft and at least one
camshaft can be shifted by varying the fluid at the fluid
control 1nput of the variable cam phaser; and

¢) a variable cam timing system comprising:

1) a spool valve comprising a spool slidably mounted in
a bore at an axis at a center of the 1nner portion of the
variable cam phaser, the bore having a plurality of
passages coupled to the fluid control input of the
variable cam phaser, such that axial movement of the
spool 1 the bore controls fluid flow at the fluid
control 1input of the variable cam phaser, wherein the
spool has a first end and a second end, wherein the
second end has an area greater than an area of the
first end; and
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11) an internal differential pressure control system com-
prising a solenoid valve comprising an electrical
input, which controls a flow of pressure to the spool,
and a pressure output coupled to the second end of
the spool;

wherein an electrical signal at the electrical input causes
a change 1n the pressure output being fed to the spool,
causing the spool to move axially in the bore.

13. The engine of claim 12, wherein the solenoid valve 1s
selected from the group consisting of a pulsed width modu-
lated solenoid valve and a proportional solenoid valve.

14. The engine of claim 12, wherein the variable cam
fiming system further comprises a spring, mounted in the
phaser, wherein the spring moves the spool to a default
position 1f the solenoid valve fails.

15. The engine of claim 12, wherein the variable cam
fiming system further comprises:

i11) VCT phase measurement sensors coupled to the
crankshaft and the at least one camshait controlled by
the variable cam timing system; and

iv) a VCT control circuit comprising:

a cam phase mnput coupled to the VCT phase measure-
ment Sensors,

a phase set point input for accepting a signal represent-
ing a desired relative phase of the camshaft and
crankshaft;

a cam phase mput coupled to the VCT phase measure-
ment Sensors,

a phase set point input for accepting a signal represent-
ing a desired relative phase of the camshaft and
crankshaft;

a combiner comprising a {irst input coupled to a null
duty cycle signal, a second mput coupled to an
output of a phase comparator, and an output;

a solenoid drive 1nput coupled to the combiner output;

a solenoid drive output coupled to the solenoid valve;

an o1l pressure mput coupled to the spool valve; and

a signal processing circuit accepting signals from the
phase set pomt input, cam phase 1nput, the solenoid
drive 1input, and the o1l pressure mput and outputting
to the solenoid drive output such that when a phase
set point signal 1s applied at the phase set point nput,
the control circuit provides an electrical signal at the
solenoid drive output to modulate the amount of o1l
pressure being ported through the control ports and
move the spool to control the variable cam phaser to
shift the phase of the camshaft as selected by the
phase set point signal.

16. The engine of claim 12, wherein the variable cam
timing system further comprises:

ii1) a position sensor coupled to the spool, having a
position signal output representing the physical posi-
tion of the spool.

17. The engine of claim 16, wherein the variable cam

fiming system further comprises:

iv) VCT phase measurement sensors coupled to the crank-
shaft and the at least one camshait controlled by the
variable cam timing system; and

v) a VCT control circuit comprising;:

a cam phase mnput coupled to the VCT phase measure-
ment Sensors,

a phase set point 1nput for accepting a signal represent-
ing a desired relative phase of the camshaft and
crankshaft;

a spool position mput coupled to the position signal
output;
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a solenoid drive output coupled to the electrical input of

the solenoid valve;

an o1l pressure mput coupled to the spool valve; and

a signal processing circuit accepting signals from the
phase set point mput, cam phase input, and spool
valve position mput and outputting to the solenoid
drive output such that when a phase set point signal
1s applied at the phase set point input, the control
circuit provides an electrical signal at the solenoid
drive output to modulate the amount of o1l pressure
being ported through the control ports and move the
spool to control the variable cam phaser to shift the
phase of the camshaft as selected by the phase set
point signal.

18. The engine of claim 17, 1n which the signal processing
circult Comprises:

an outer loop for controlling the phase angle, coupled to
the set point input, cam phase 1nput, and solenoid drive
output; and

an 1nner loop for controlling the spool valve position,
coupled to the spool valve position input and to the
inner loop;

such that the solenoid drive output as set by the outer loop
1s modified by the 1nner loop based on the spool valve
position.

19. The engine of claim 18, in which:

a) the outer loop comprises:
1) an anti-windup loop comprising:

A) a first PI controller having a first input coupled to
the set point 1input; a second 1nput coupled to the
cam phase 1nput; a third input and an output;

B) a phase compensator having an input coupled to
the output of the first PI controller and a first
output and a second output; and

C) anti-windup logic having an input coupled to the
second output of the phase compensator and an
output coupled to the third mput of the PI con-
troller;

i1) a combiner having a first input coupled to a null
position offset signal, a second 1nput coupled to the
output of the phase comparator, a third input, and an
output; and

111) a second PI controller having an input coupled to
the output of the combiner and an output coupled to
the solenoid drive input; and

b) the inner loop comprises coupling the spool valve

position mput to the third input of the combiner.

20. The engine of claim 16, wherein the position sensor 1s
selected from the group consisting of a linear potentiometer,
a hall effect sensor, and a tape end sensor.

21. The engine of claim 16, wherein the spool and the
position sensor are coupled by a means selected from the
ogroup consisting of a physical coupling, an optical coupling,
a magnetic coupling, and a capacitive coupling.

22. The engine of claim 12, wherein the area of the second
end of the spool 1s twice the area of the first end of the spool.

23. In an internal combustion engine having a variable
camshaft timing system for varying the phase angle of a
camshaft relative to a crankshaft, a method of regulating the
flow of fluid from a source to a means for transmitting rotary
movement from the crankshaft to a housing, comprising the
steps of:

sensing the positions of the camshaft and the crankshaft;

calculating a relative phase angle between the camshaft
and the crankshaft, the calculating step using an engine
control unit for processing information obtained from
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the sensing step, the engine control unit further adjust-
ing a command signal based on a phase angle error;

controlling a position of a vented spool slidably posi-
tioned within a spool valve body, wherein the spool has
a first end and a second end; wherein the second end
has an area greater than the first end, and the controlling,
step utilizes an internal differential pressure control
system comprising a solenoid valve comprising an
clectrical input, which controls a flow of pressure to the
spool, and a pressure output coupled to the second end
of the spool, wherein an electrical signal at the elec-
trical input causes a change 1n the pressure output being
fed to the second spool end, causing the spool to move
axially in the bore;

supplying fluid from the source through the spool valve to
a means for transmitting rotary movement to the
camshaft, the spool valve selectively allowing and
blocking flow of fluid through an inlet line and through
return lines; and

transmitting rotary movement to the camshaft in such a
manner as to vary the phase angle of the camshatt with
respect to the crankshaft, the rotary movement being
transmitted through a housing, the housing being
mounted on the camshaft, the housing further being
rotatable with the camshaft and being oscillatable with
respect to the camshaft.

24. The method of claim 23, wherein the step of control-
ling the position of the vented spool further utilizes a
position sensor coupled to the spool, wherein the position
sensor senses a position of the spool.

25. The method of claim 24, wherein the position sensor
1s selected from the group consisting of a linear
potentiometer, a hall effect sensor, and a tape end sensor.

26. The method of claim 23, wherein the area of the
second end of the spool 1s twice the area of the first end of
the spool.

27. The method of claim 23, wherein the variable cam
timing system further comprises:

a) VCT phase measurement sensors (61)(62) coupled to
the crankshaft and the at least one camshaft controlled
by the variable cam timing system; and

b) a VCT control circuit comprising;:

a cam phase mput coupled to the VCT phase measure-
ment Sensors,

a phase set point input for accepting a signal represent-
ing a desired relative phase of the camshaft and
crankshaft;

a cam phase 1mnput coupled to the VCT phase measure-
ment Sensors;

a phase set point 1nput for accepting a signal represent-
ing a desired relative phase of the camshaft and
crankshaft;

a combiner (56) comprising a first input coupled to a
null duty cycle signal (55), a second mput coupled to
an output of a phase comparator, and an output;

a solenoid drive 1nput coupled to the combiner output;

a solenoid drive output coupled to the solenoid valve;

an o1l pressure mput coupled to the spool valve; and

a signal processing circuit accepting signals from the
phase set point input, cam phase nput, the solenoid
drive 1nput, and the o1l pressure input and outputting
to the solenoid drive output such that when a phase
set point signal 1s applied at the phase set point mnput,
the control circuit provides an electrical signal at the
solenoid drive output to modulate the amount of o1l
pressure being ported through the control ports and
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move the spool to control the variable cam phaser to
shift the phase of the camshaft as selected by the

phase set point signal.

28. The method of claim 27, in which the signal process-

Ing circult comprises:

an outer loop for controlling the phase angle, coupled to
the set point input, cam phase 1nput, and solenoid drive
output; and

an mner loop for controlling the spool valve position,
coupled to the spool valve position input and to the
inner loop;

such that the solenoid drive output as set by the outer loop
1s modified by the 1nner loop based on the spool valve
position.

29. The method of claim 28, in which:

a) the outer loop comprises:
1) an anti-windup loop comprising:

A) a first PI controller (52) having a first input
coupled to the set point input; a second input
coupled to the cam phase 1nput; a third mput and
an output;
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B) a phase compensator (83) having an input coupled
to the output of the first PI controller and a first
output and a second output; and

C) anti-windup logic (54) having an input coupled to
the second output of the phase compensator and an
output coupled to the third input of the PI con-
troller;

i1) a combiner (71) having a first input coupled to a null
position offset signal (65), a second input coupled to
the output of the phase comparator, a third input, and
an output; and

ii1) a second PI controller (66) having an input coupled
to the output of the combiner and an output coupled
to the solenoid drive mput; and

b) the inner loop comprises coupling the spool valve
position mput to the third mput of the combiner.
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